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ABSTRACT

The presence of bubbles in a liquid decreases the average density, and
thus decreases the buoyant force on a floating body. Competing with the
decrease in buoyancy is an upward drag due to the bubble motion and entrained
liquid. This thesis presents investigations of the critical average density required
to sink a buoyant body in water with bubbles in closed and open environments.
A closed environment is where bubbles fill the container, in which case there is
expected to be little if any upward flow of water at the body. An open
environment is where the bubbles exist over a small cross-sectionalvarea
compared to the total cross-sectional ;area of the container, which models the
effect of a methane eruption from the ocean floor. In this case, a substantial
upward flow of water is entrained in the region of the bubbles, and a downward
flow consequently occurs outside this region. Experiments for both closed and
open environments are reported, where the average specific gravity of the body
is varied. The closed environment data significantly deviate from a quantitative
theory, and the open environment data are not in accord with a qualitative theory.

Possible explanations for these deviations are offered.
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. INTRODUCTION

Archimedes’ principle states that the buoyant force on a floating or
submerged body in a gravitational field equals the weight of the fluid displaced by
the body. The condition for floating is that the density of the fluid be greater than
the average density of the body, as long as the body is not shaped similar to é
canoe or bowl, which can displace more fluid than its volume. The introduction of
bubbles into the liquid reduces the average density of the fluid. For bubbles that
are uniformly distributed and small compared to the size of the body, the body
may be expected to sink when the average density of the fluid is less than the
average density of the body. However, there is an upward drag on the body due
to the rising bubbles and the entrained liquid. It is thus not clear whether the
introduction of bubbles can make a floating body sink, or, if the body does sink,
to what extent the average density of the fluid must be reduced from that of the
body.

The possible sinking due to bubbles has been given as an explanation for
the demise of some ships as a result of methane eruptions from the ocean floor
(Mclver, 1982). A “buoyancy bomb” has also been suggested, in which an
underwater vehicle mines a methane hydrate deposit and uses the methane to
sink a floating target (Stumborg, 2000). However, apart from the recent thesis of
Pringle (2000), we have not found any report of quantitative investigations of this

phenomenon.




A relevant aspect of the sinking of a body due to bubbles is the cross-
sectional area over which the bubbles are generated compared to the cross-
sectional area of the container of the liquid. Two limiting cases are a closed
environment, where the bubbles are generated uniformly over the cross-section
of a container, and an open environment, where the cross-sectional area of the
liquid is much greater than that of the bubbles which would occﬁr, for example, in
the ocean. In a closed environment, there is expected to be no large-scale non-
uniformities in the flow, which implies little if any upward flow of liquid and thus no
upward drag on a body due to the liquid. In an open environment, large-scale
circulation of the liquid will occur, where the liquid rises in the region of the
bubbles, and falls outside this region. This is expected to produce a significant
upward drag on a body in the bubble region, and thus require a greater amount
of bubbles to sink the body.

Experiments by Pringle showed that a floating spherical body in a closed
environment can indeed be made to sink with bubbles, and that a simple theory
accounted for the critical average density at which a body just sinks as long as
the specific gravity of the body is not less than 0.94. Otherwise, the critical
density of the fluid was less than predicted.

One objective of this thesis was to substantially improve the apparatus
used by Pringle, and to thereby obtain more accurate data. Another objective
was to modify the apparatus so that an open environment experiment could be

performed, and to contrast the data with that from the closed environment.




The organization of the thesis is as follows. Chapter Il includes the theory

that predicts the critical average density of bubbly water at which a spherical
body is predicted to sink. This theory can be shown to be equivalent to that of
Pringle, but our derivation is simpler. The apparatus is described in Ch. lil,
where substantial modifications of Pringle’s apparatus are detailed. The results
of measurements, and a comparison with the theory, are presented in Ch. IV.
Concluding remarks and suggestions for future work are made in Ch. V.
Pringle’s results suggested that the critical average fluid density as a
function of the average ball density has a discontinuity in slope at a specific
gravity of 0.94, and that this could be a non-Newtonian effect of bubbly water.
Our initial research involved an extensive search of the literature to ascertain
whether any such behavior had been observed or predicted. The result was
negative. The details of this search are given in the Appendix. Our experimental
results do not conclusively confirm Pfingle’s discontinuity in slope, although they

do not rule out the possibility.
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II. THEORY

The critical density of bubbly water is the density at which the ball just
sinks. We experimentally determine the critical density by first measuring the
height hy of water when no bubbles are present [Figure 2.1(a)], where the volume
V, and cross-sectional area A are related by Vp = hpA. The mass of water is then
M = p,Vo = pwAho, Where p, is the density of water. When bubbles are present, it
is instructive to first consider the simple case in which the ball is not present.

The mass of the water is now expressed as M = pAh, where pis the average
density of the bubbly water, neglecting the density of air compared to water, and

h is the height of the bubbly water. Equating the two expressions for M yields

“0
= Y , 2.1
P F Pw ( )

which is obvious because the dénsity is inversely proportional to the height.
When the ball is present and is just sinking [Figure 2.1(b)], there is a
“shadow” devoid of bubbles directly above the ball. We assume that this region
is that which is directly above the ball. The volume of the» region is Vs = zR%/3,
where R is the radius of the ball. Due to the fill hole, the volume V,, of the ball is
slightly greater, approximately 1.2%, than 47R>/3. The volume of the region with
bubbles is Ah — V, — V. The mass of the water is thus now expressed as M =

p(Ah — V, — Vi) + puVs, where p is the average density of bubbly water, again
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neglecting the density of air compared to water. Equating this expression to the

expression M = p, Vo = p,sAho, and solving for the bubbly water density, yields

1-V,/V% o
h/ho ‘(Vb "‘Vs)/Vo v

p:

which allows the critical density of the bubbly water to be determined from
measured quantities. For the simple case in which the ball is not present (V, =
Vs = 0), Equation (2.2) correctly reduces to Equation (2.1). Because V;, and V;
are small for our experiment, we could approximate Equation (2.2). This does
not simplify the calculations, however, so we will deal with the exact expression.
To determine the theoretical value of the critical density, we assume that
the bubbles are uniformly distributed over the volume outside the ball and
shadow region, which is in accord with our observations. The equilibrium
condition corresponding to Figure 2.1 (b) is that the weight of the ball and the
shadow region is balanced by the buoyant force: (p,Vp + puVs)g = p(Vs + Vs)g,
where p is the average density of the ball and g is the acceleration due to

gravity. Solving for the bubbly water density yields

PVe + PV (2.3)

VANV



That is, the critical density is just the weighted average of the densities of the ball

and shadow region. A graph of the specific gravities p/pw Vs. py/pw is shown in
Figure 2.2. Because the volume of the ball is approximately V;, = 47R%/3 and the
volume of the shadow region is Vi = zR%3, the ordinate intercept V/(V, + V;) is
approximately 1/5. Due to the shadow effect, the density of bubbly water
required to sink the ball is greater than the density of the ball. This occurs
because the shadow region effectively exerts a downward force on the ball
relative to the situation in which bubbles filled the entire liquid. In fact, the
relationship (2.3) can be alternatively derived from this perspective (Pringle,

2000).




ho volume Vj

\ area A

ball volume V, shadow volume V,

(b)

Figure 2.1. Geometry of the system for (a) no bubbles and no ball, (b) bubbles and
ball at the critical condition when the ball just sinks. Compared to the actual system,
the bubbles in (b) have a substantially exaggerated diameter and a greatly reduced
number.
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lll. APPARATUS

In this chapter we describe the design and construction of the apparatus
used to produce a volume of bubbly water. As shown in Figure 3.1, the main
components of the apparatus for the closed environment experiment are a
cylindrical acrylic chamber and an array of bubble diffusers. The diffusers are
connected to a pressurized air supply system through a manifold and a series of
control valves, and generate a controllable volume of air bubbles. Figure 3.2

shows a body that has been sunk due to bubbles for a closed environment.

Figure 3.1. Main components of the apparatus for the closed environment experiment: a
cylindrical acrylic chamber, an array of 15 bubble diffusers, and a manifold to provide evenly
distributed air flow to the diffusers. Also shown is the buoyant body, which was employed
throughout the thesis. For the open environment experiment, nearly all of the cylinder is
detached and the bottom is immersed in the large tank below.

11




Figure 3.2. The body has been sunk due to bubbles for the closed environment case.

A. AIRFEED SYSTEM

A schematic of the feed system is shown in Figure 3.3. Accurate control
of the volume flow rate to the diffusers was important. Previous research by
Pringle (2000) utilized nitrogen from a pressurized cylinder as a gas supply. Due
to the higher gas flow rates anticipated being needed for study of the open
environment, the decision was made to use pressurized air from the building air
supply provided from a large compressor and réservoir. This also turned out to

be very useful for the closed environment, because it allowed us to carefully and
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patiently gather much data, which would have required many cylinders of
nitrogen. Prior to use of this air source, significant modifications had to be made
before the air was usable. Due to an extreme water and debris content, a heavy-
duty in-line combination pressure regulator/filter was installed to provide filtration
and regulation of the compressed air source. The Speedaire model 4Z029A was
selected and purchased from Grainger Industrial Supply. The uhit was mounted
on the wall next to the air inlet and piped in. A 50-foot length of standard air
hose was used to connect the air filter/regulator to the apparatus control valve.
Overall gas flow rate was controlled with a Matheson 3/8” control valve in

conjunction with an inline flow meter.

Control valve l_l
=1 1
Fiter/ Flow Meter — [ ]
Regulator -® IRRRRRRRRRRRRY ]
B IRRERRAANRRNRANN |
Air Supply L“'
[\
L® [‘;.;.;.:.;.:.;.;.:.:.:.:.:]
—® IRRANNRRNNHRN |
Manifold —® IRARRARRARKNANN|
Control Valves Diffusers

Figure 3.3. Schematic of the gas feed system. There are 15 diffusers.
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The flow meter used was a Sierra Instruments Model 826 Hi-Flow Meter
with Display. This meter allowed for the precise measurement of the air mass
flow over the range of 0 — 175 LPM required for the experiment. Prior to the use
of the Model 826 from Sierra Instruments, a Model 100-13 Flo-Sensor (40 — 200
LPM) from McMillan Company was utilized. It was replaced by the flow meter
from Sierra Instruments after the McMillan flow meter showed insufficient
repeatability. After its replacement, further investigation revealed that the
McMillan flow meter was giving flow readings off by as much as 20% at flow
rates greater than 120 LPM.

Clear Tygon tubing (0.3125-inch ID) connected the air source to individual
diffuser control valves through a manifold (locally fabricated), and also connected

the individual diffusers to the control valve outlets.

B. MANIFOLD DESIGN

In Pringle’s research, balancing of the diffuser control valves was found to
be critical in the stability of the generation of bubbles. Even a small deviation
froh a perfect balance could set up substantial turbulent flow in the chamber or
localized upward or downward flow regimes that caused the buoyant body to sink
prematurely or later depending on the direction of flow. In order to provide this
balancing, precise control of the airflow to each diffuser must be obtained. It
quickly became evident that the manifold utilized in Pringle’s research was

unsuitable for precise data measurement. We were unable to balance the flow
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rate between diffusers to provide a uniform flow rate across the chamber due to

the manifold’s use of simple gate valves that could not be throttled precisely
enough. In order to provide the control necessary, multi-turn needle valves were
required.

A new manifold was constructed using a 28-inch long piece of 4-inch
diameter PVC pipe with end-caps glued on. Fifteen 4-inch flow meters (Cole-
Parmer 2000 series 1-10 LPM) were attached to the pipe as shown in Figure 3.4.
Each individual flow meter was attached using a 1/4-inch flare x 1/8-inch NPT
male connector to a 1/4-inch swivel nut valve connector and then to another 1/4-
inch flare x 1/8-inch NPT male connector which was screwed into a 1/4-inch hole
drilled into the PVC pipe. A 1/2-inch street elbow was inserted in the back end of

the manifold to allow the air supply hose to be attached (Figure 3.5).

Figure 3.4. Front view of manifold showing 15 flow meters and individual contro! valves attached
to 4" diameter PVC pipe.
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Figure 3.5. Top view of manifold showing mounting of flow meters and inlet and outlets for air
supply.

C. VOLUMETRIC BUBBLE GENERATOR

The selection of the bubble making devices was made in prior research
completed by Pringle. That selection was made taking into consideration three
primary criteria: the bubbles must be much smaller than the buoyant body yet
large enough so that direct absorption of the gas into the fluid is inhibited: there
must be a constant and diffused flow of bubbles to ensure a uniform distribution

over the cross-sectional area of the chamber, reducing possible fluid turbulence:;
and the diffusers must be sufficiently robust to physically withstand a large

volumetric flow of air over extended periods. The device that provided the most
uniform bubble field, with small diameter bubbles and little turbulence, was a set

of aquarium diffusers (Regent PL-T714). The diffusers are hollow porous tubes

capped at one and with an air inlet at the other. The dimensions of the diffusers
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are 36 cm in length, 1.0 cm in diameter and a wall thickness of 1.0 mm.

Fifteen diffusers were strategically positioned to give the most uniform
cross-sectional flow pattern possible. The diffusers were inserted through the
chamber holes (Figure 3.6). The portion of the diffusers that extended outside of
thé chamber was made water and air tight through the use of heat shrink tubing,
silicon sealant, and a rubberized cyanoacrylate glue called IC-2000 (BSI ..

Adhesives).

Figure 3.6. Top view of the bubbly water chamber and diffuser arrangement.
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D. CLOSED ENVIRONMENT

For the closed environment experiment, the bubbly water exists in an
acrylic tube that is sealed at the bottom and open at the top. The tube has inner
diameter 30.6 cm, height 60 cm, and wall thickness 3.175 mm. The water depth
in the absence of bubbles is maintained at 400 mm from the horizontal plane
passing through the centers of the diffusing tubes. This allows for a roughly
180 mm increase in height resulting from the introduction of the bubbles.

The chamber’s cylindrical shape was selected to minimize the wall surface
area for a given volume and thus minimize the surface drag of the bubbles on the
walls of the chamber. The cylindrical shape also provided no corners that might
needlessly complicate the bubble flow pattern. The diameter of the chamber was
chosen to be as large as conveniently possible compared to the diameter of the
buoyant body. The chamber height allows for a uniform mixing of the bubbles
ensuring an equal distribution of the small air bubbles over the cross-sectional
area of the chamber. The clear acrylic material facilitates viewing and
photography of the bubbles and the buoyant body. A 30 cm steel rule was
attached with heavy-duty clear cellophane tape along the inside of the chamber
to allow for measurement of the change in height of the fluid as the bubbles are
introduced.

Holes of diameter 0.7 cm were drilled 3 cm from the bottom of the
chamber to allow 15 bubble-generating diffusers to penetrate the cylinder. The

holes were placed such that the diffusers were evenly spaced and parallel to
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each other. A 6 mm thick acrylic plate, 33 cm square, was glued to the bottom of
the tube. Once the diffusers were inserted into the holes, the vplate effectively
created a chamber that was both water and air tight below the water line.

Surprisingly, it became evident during the experiment that the bubble flow
was sensitive to deviations of the orientation of the cylinder. When the cylinder
was not situated in a nearly perfectly vertical position, different bubble flow
velocities were noted on opposing sides of the cylinder. Only after careful
alignment and the use of an adjustable platform to level the apparatus were we
able to alleviate the non-uniform flow patterns.

While floating in the chamber, the deﬁsity ball had the tendency to drift out
of the center of the column of bubbles generated and press against the sides of
the acrylic where unknown boundary effects could come into play. Therefore, a
device was constructed to contain the ball near the center of the bubble column.
The device, shown in Figure 3.7, was constrljcted from a 1/4-inch thin sheet of
plexiglass which was cut into a Y shape and two small holes were drilled 80 mm
apart from each other 70 mm from the center out along each leg. Through each
of these holes, a 28-inch long piece of 1/16-inch diameter stainless steel rod was
inserted and allowed to hang into the water creating a hexagonal containment

cage for the ball.
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Figure 3.7. Device constructed to contain ball to center of bubble column.

Additionally, reading the height of the fluid became difficult as bubble flow
was increased in the chamber due to the collection of bubbles at the surface
masking the meniscus line of the fluid. The reading of this measurement was
critical to accurate data taking. A small device was constructed to facilitate this
reading. It was made from a 12-inch long piece of 1-inch diameter clear acrylic
tubing sliced in half lengthwise. The bottom end was capped and small holes
were drilled 1 inch apart along both sides of the tube. The holes were small

enough to prevent bubbles from entering the cavity but large enough for fluid to
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flow in. Black tape was used to provide a suitable background for the reading of
the surface height. When a height measurement was required, the half-cylinder
device was placed along the inside of the chamber next to the steel ruler about
one cm deep into the fluid. The device, shown in Figure 3.8, provided a small
cavity filled with water and free of bubbles that showed the meniscus line of the

fluid allowing an accurate height measurement to be taken.

Figure 3.8. The half-cylinder device constructed to facilitate measuring of change in height of
fluid.

E. OPEN ENVIRONMENT

In order to collect data on the effects of bubbly water on a body in an open
environment such as the ocean, the bubbly water chamber had to be modified.
The acrylic cylinder was carefully cut with a band saw approximately 3 inches

above its base. Thé top portion of the cylinder was removed and the base was
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placed at the bottom of a tank measuring 29 inches wide by 29 inches long and
24 inches deep. The bubble-generating base was placed in the center of the
bottom of the tank as shown in Figure 3.9, iead bricks were placed on the
corners to hold it in place, and the tank was filled with water to a depth of 40 cm
above the height of the center of the diffusers and in order to provide a column of
bubbles in the tank. Once again the containment cage was necessary to confine
the density ball to the centér of the bubble column. Otherwise, the flow due to
the open environment would cause the ball to move to the boundary.
The closed environment configuration can be restored by using heavy-
duty clear cellophane tape to reattach the cylinder. If this is done carefully, little if
any leaking occurs. We found it necessary to reattach the cylinder during the

course of our experiments.

Figure 3.9. Bubble generating base immersed in tank to provide bubble column for open
environment experiment. Shown in front is a lead brick that holds down the base.
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IV. EXPERIMENTS

Our objective in the experiment is to make a buoyant body sink by adding
bubbles, to gather the data needed to use Equation (2.2) to calculate the density
of the fluid when this occurs, and to compare the data to the theoretical

prediction (Equation 2.3).
A. SPECIFIC GRAVITY OF BODY

We required a buoyant body that was much larger relative to the bubbles
so that we could treat the effects of the bubbly water on the object as those of a
homogenous fluid. We selected a commercially available “density ball”, which is
a hollow, stainless steel, 101.3 mm diameter sphere with a removable plug
(Cenco Scientific Co. cat. #76595N). Liquid can be added or removed to vary
the ball's mass and thus its average density. Tap water Was used in this
experiment.

We obtain an accurate value of the volume of the ball by a variation of
Archimedes’ method (weighing a body in and out of water). Sufficient liquid is
added to the ball such that it will sink in water. We then place a container of
water on a digital balance (AND Electronic Balance FX-2000), and “zero” the
balance. The ball is suspended by string from a support and is totally immersed
in the water without touching the container. We record the reading m of the

scale. The buoyant force mg equals the weight pwVeaig of the displaced water.

Taking the buoyancy of air into account, p,=0.0012 grams/cm® must be
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subtracted from py so the volume of the ball is Vp, = m/(pw - pa) = 557.6 cm®. The
advantage of this method over Archimedes’ method is that the suspension of the
body from an elevated balance is avoided. Various ball masses and

corresponding specific gravity values are displayed in Table 5.1.

specific mass of
gravity of ball
ball (grams)
1.00 555.9
0.99 550.4
0.98 544.8
0.97 539.2
0.96 533.7
0.95 528.1
0.94 522.5
0.93 517.0
0.92 511.4
0.91 505.8
0.90 500.3
0.89 494.7
0.88 489.1
0.87 . 483.6
0.86 478.0
0.85 4724
0.84 466.9
0.83 461.3
0.82 455.7
0.81 450.2
0.80 444 6
0.79 439.0
0.78 4335
0.77 427.9
0.76 422.3
0.75 416.8
0.74 411.2
0.73 405.6
0.72 400.1
0.71 394.5
0.70 389.0

Table 5.1. Ball mass, as measured by a balance, as a function of average specific gravity of the
ball. The volume of the baII is 557.6 cm®. The specific gravity is based on the densnty of water at
20° C: 0.99821 grams/cm®. The masses in the table are the actual masses minus the mass 0.67
~ grams corresponding to the buoyancy of air. :
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B. DETERMINATION OF BUBBLY WATER DENSITY

As explained in Chapter Il, if air bubbles of total volume AV are introduced

into the water, the average density is p = (ho/h)pw. The ability to accurately
determine the density of the bubbly water was critical to our experiment and a
method that consistently provided a means to accurately determine the density
was required.

A standard means of determining the density of bubbly water is to
measure the initial height hg of the water level in the chamber with no bubbles,
and the change in height Ah when the bubbles are turned on and steady state
has been reached. If the container has uniform cross-sectional area the average
density of the bubbly water can be determined from Equation (2.2).

It was noticed through careful observation that for lower flow rates,
bubbles were only produced on the tbp portion of the diffuser rod, and as the flow
rate was increased, bubble production occurred further down the diameter of the
rod thereby varying the starting height of the bubble column. This was taken into
account by assuming a linear increase in the column height of one diffuser
diameter throughout the flow range of 0 to 170 LPM (liters per minute).

We found that we were able to accurately measure the change in height
only after the diffusers were in perfect balance; that is, the flow rate per unit
length was identical from one diffuser to the next. As mentioned in Chapter IIIB,
when slightly out of balance the bubble flow became very turbulent, eddies were

observed within the volume of bubbly water and the surface took on a boiling like
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appearance. We were then unable to measure the change in height with any
sort of precision, therefore careful adjustment of the individual diffuser flow
valves had to be made in order to bring the system into balance. Upon
completion of this, the bubble flow became uniform throughout, eddies
completely disappeared, and the surface became level.

The ability to accurately measure the change in height allowed us to use

Equation (2.2) to determine the density of the bubbly water. Using the half-
cylinder device discussed in Chapter IIID, the value Ah of the bubbly water was

read directly from the apparatus at the point at which the density ball was

observed to sink.

C. CLOSED ENVIRONMENT

For the main part of the experiment, we determine the average density of
the bubbly water required to sink the ball. We select an amount of liquid in the
ball such that it floats in the water. We place the ball in the closed environment
chamber, slowly increase the flow rate Q, and record the Ah value for which the
ball sinks below the surface. We then use this value to calculate the density of
the bubbly water and compare this to the ball’'s average density, which is
determined as the total mass (including liquid inside) divided by the volume of the
ball. The entire process is then repeated for a different value of the average
density of the ball. Using Table 5.1, the specific gravity of the ball was varied

within a range of 0.99 down to 0.74 and the average critical density of the fluid
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required to sink the ball was determined at various points along this range.

Bubbles sticking to the lower half of the ball effectively lower the ball's
average density, which make the ball neutrally buoyant at a higher airflow rate
than expected. The number of bubbles sticking to the surface of the ball was
reduced to nearly zero by machine polishing the ball and thoroughly cleaning it
with isopropy! alcohol prior to each trial. Latex gloves were taken when handling
the ball to prevent any fingerprints on the surface.

When the top of the ball is tangent to the surface of the fluid, there exists a
shadow above the ball in which there are no bubbles. For low flow rates, we
observe that the shadow has a uniform circular cross-sectional area that extends
vertically from the equator of the ball to the surface of the fluid. Once the ball is
sunk the “plume” bulges outward. The absence of bubbles above the ball could
not be eliminated, so we incorporated estimations of this effect into the theory
(Ch. ).

The criterion we set for determining the sinking of the ball was that it
remains below the surface of the water for roughly 50% of the time. This
benchmark was necessary to define the sinking of the ball because as the fluid
density approached the density of the ball, because the ball tended to “loiter” in a
volume of bubbly water just below the surface of the water rather than sinking
directly to the bottom and would occasionally pop to the surface due to
turbulence. Occasionally, during this loitering phase, the ball would subtly break

the surface of the water.

27




Figure 5.1 shows the results of an experiment to determine the critical
average fluid dénsity (at which the ball just sinks). We can “zoom in” on the data
by plotting the deviation of the critical average fluid density from the density of
the ball, which is shown in Figure 5.2. The critical fluid density is seen to be
significantly greater than the density of the ball, which is represented by the
identity line in the graph, but less than the theoretical prediction}. This may be a
result of a competing upward force on the ball caused by rising bubbles

impacting on the bottom surface of the ball, or by an upward drag due to the flow

of bubbles or a local flow of water.
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Figure 5.1. The fluid density at which the ball just sinks below the surface is significantly greater
than the density of the ball, which is represented by the dotted identity line in the graph, but

significantly less than the theoretical specific gravity of the bubbly water reéquired to sink the ball,
which is plotted as a solid line.
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The observed increasing deviation of the critical density from the theory at
higher flow rates may be due to the fact that the bubbles tend to flow up and
around the ball, decreasing the volume of the shadow region above the ball that
was taken into account by the theory.

Figure 5.1 does not appear to show the abrupt transition in the slope that
was apparent in Pringle’s graph (Pringle, 2000). However, Figure 5.2 shows that
such a transition in the slope may be present. If the transitionA does exist, further
research is required to ascertain whether or not it is caused by a change in fluid
properties of the water as it shifts from a Newtonian to a non-Newtonian fluid, as

hypothesized by Pringle (refer to the Appendix).
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Figure 5.2. The deviation in the specific gravity of the fluid from the specific gravity of the ball
versus the average specific gravity of the ball.
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D. OPEN ENVIRONMENT

Upon completion of the closed environment experiment we turned to the
study of the open environment system. The top portion of the acrylic cylinder
was removed and the bubble-generating base was immersed in the large tank as
described in Chapter Ill. The open environment differed greatly from the closed
environment. While the closed environment prevented circulation and large-
scale flows into or out of the bubble column, the open environment did not.
Without the cylinder enclosing the bubble column, small bits of paper placed in
the tank revealed that there was a great deal of circulation occurring as rising
bubbles entrained water, causing a substantial upward flow of water in the
bubble column. The entrained water was carried to the surface where it
continued to flow out in a radial direction from the bubble column, down near the
sides of the tank and then back to the base of the bubble column to re-enter the
flow at points along the column. As the flow rate was increased, the circulation
increased as well. The liquid flow entering the bubble column squeezed the
column in giving it an hourglass shape as seen in Figure 5.3. Because the
hydrostatic pressure increases more quickly with depth in the bubble-free region,

the resultant difference in pressure also contributes to the hourglass shape.
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Figure 5.3. Bubbles generated in an open environment. Fluid flow into the bubble column
compresses the bubble column at the center giving it an hourglass shape. The bali is visible near
the surface. '

To quantify the behavior of the ball in the open environment, we measured
the vertical location of the ball for varying flow rates, for three different densities
of the ball. The ball was filled with the required amount of liquid to adjust the
ball’s density to the appropriate value. The ball was then placed within the
containment cage and centered over the bubble generator. The depth of the top
of the ball above (negative values) or below (positive values) the surface of the

water was measured for incremental values of the flow rate. This was crudely
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done by placing a ruler, by hand, next to the ball and meaéuring its depth from
the surface of the water from the side of the tank.

Figure 5.4 shows the graph of the flow rate versus the depth of the top of
the density ball for three different specific gravities of the ball. Also plotted, as
filled-in symbols, are the corresponding flow rates that the ball with the same
specific gravity would have sunk at in the closed environment system. This
graph surprisingly shows that for the same specific gravity, the ball requires less
bubble flow in the open environment to sink below the surface than what is
required in the closed environment. Figure 5.4 also shows that once the critical
flow rate necessary to sink the ball was achieved, the ball rapidly sinks to a level
a few centimeters below the water surface, gradually sinking to a lower level as
the flow rate was increased until a saturation point was reached where the ball
would not sink any lower even with increased flow rates. The ball would not sink
below a point approximately halfway down the bubble column. This is evidently
due to upward drag caused by the circulation of entrained water. The ball
continues to sink until it reaches an equilibrium point where the competing force
of the upward drag of bubbles and water, together with the buoyant force, equals
the weight of the ball. Even at the maximum flow rate (170 LPM) of the
apparatus, we were unable to sink the ball beyond the midway point.

Regarding the observation that the ball sinks at a flow rate that is less than
that required in the closed environment, it is possible that the entering water flow
due to the circulation causes the bubble column to squeeze in, thereby
decreasing the volume that the bubbles are contained in and l‘owering the
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average density of the fluid below the ball causing the ball to sink sooner than
expected. In addition, the upward component of the drag may be small in this

case because the ball is at the surface, where the flow fans out horizontally.
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Figure 5.4. Depth of ball vs. flow rate for three selected specific gravities of the density ball.
Filled-in (black) symbols indicate the flow rate the ball would have sunk in the closed
environment.
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V. CONCLUSIONS AND FUTURE WORK

A. CONCLUSIONS

In our experimental investigations we showed that the introduction of air
bubbles into a liquid decreases the average density, and thvus decreases the
buoyant force on a floating body. We investigated the critical average density
required to sink a buoyant body in water with bubbles. A theory of the critical
density for sinking was developed, and predicted that the average fluid density is
greater than the ball density for sinking.

In the closed environment experiment, our research revealed that while
the fluid density at which the ball just sinks below the surface of the water is
greater than the density of the ball as predicted, it does not agree completely with
our theory predicting the fluid density at which the ball shbuld sink. We believe
thét these deviations are due to attributes of the bubbly flow that are difficult to
quantify. Two specific attributes were identified. First, we neglected to take into
account the effects of the bubbles impinging on the ball and the drag they
caused, mainly because of the difficulty in determining their effect. Second, our
theory made the assumption that the shadow above the ball has a uniform
circular cross-sectional area that extends vertically from the equator of the ball to
the surface of the fluid at all flow rates. Our observations made during the
experiment indicate that at the higher flow rates the bubbles tended to flow up

and around the ball, decreasing the volume of the shadow region above the ball.
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Both of these effects will contribute to the fluid requiring a lower critical average
density to sink the ball than predicted by the theory. This may explain the
deviation of the data from theory, especially for the higher flow rates.

The open environment experiment dramatically revealed the complexity of
the system. Constructing an apparatus that modeled an accurate open
environment such as the ocean, and being able to gather precise data from it,
proved to be very challenging. The lack of an enclosure for the bubble column
such as the acrylic cylinder used in the closed environment experiment
prevented us from being able to accurately measure the average density of the
bubbly water in the column, in contrast to the closed environment experiment.
Future work will require some other method for measuring the density of a bubbly
flow in order to acquire precise data as was taken in the closed environment
experiment.

We measured the height of the ball in relation to the surface of the water
for varying flow rates for three different values of the specific gravity of the ball.
The data show that for the same specific gravity, the ball requires /ess bubble
flow in the open environment to sink than what is required in the closed
environment. That is, the critical average density of the fluid required to sink the
ball is greater. This is surprising because the upward drag due to the substantial
entrained flow of water in an open environment is expected to cause the critical
density to be less (i.e., greater flow rate). We believe the main cause of this is
the large amount of circulation flow that occurred in the open environment as
opposed to the closed environment. It is possible that the entering water flow
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due to the circulation squeezes the bubble column, thereby decreasing the
volume that the bubbles are contained in and lowering the average density of the
fluid below the ball causing it to sink sooner than expected. We discovered that
the ball continues to sink until it reaches an equilibrium point where the
competing force of the upward flow of bubbles and entrained water, together with
the buoyancy, equals the weight of the ball. Even at very high flow rates, the. ball
would not sink beyond a point about midway down the column where the vertical
component of the upward flow was greatest as opposed to the upper portion of
the column, where the vertical component of the flow was less as the flow

changed direction and spread out horizontally across the surface of the tank.

B. FUTURE WORK

This research would benefit from subsfantial further study. This thesis
concentrated on the investigation of the bounded case where bubbles are
generated uniformly over the cross-section of a container and the obtaining of
publishable data. |

Preliminary data from the open environment experiment showed that a
smaller flow rate was required to sink the body than was needed in the closed
environment experiment. Follow-on research could refine this data and lead to
conclusions concerning the open environment. Future work might also include
data and observations taken in a much larger tank than the one used, in order to

better approximate the conditions found in the ocean. In this case, it may be that
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the hourglass effect is reduced or nearly eliminated, which may resolve whether
or not the lowering of the density due to this effect is playing an important role in
the sinking of a body.

The possible transitional region in the slope of the data, where the two-
phase flow may shift from a Newtonian to a non-Newtonian fluid, should be
further investigated to confirm the speculation that it is indeed a change of fluid
characteristics.

Another interesting observation was made that merits further investigation.
While conducting the closed environment experiment without the containment
cage, it was witnessed that the ball had a propensity to be propelled in a circular
motion around the edge of the acrylic cylinder. We coined the term “bubble
propulsion” to describe the circular motion displayed by the ball. The
phenomenon occurs for a substantial range of flow rates, and the velocity at
which the ball moved around the circumference of chamber increased as the
volume of air supplied into the chamber was increased. The ball did not seem to
favor movement in either direction, clockwise or counter-clockwise. To test this,
we allowed the ball to begin movement in one direction, then forcibly stopped it
and then allowed it to continue. The ball would continue motion in the opposite
direction about the same amount that it would continue in the same direction it
was previously moving. It was not immediately apparent whether this was
caused by a boundary effect along the wall or some other effect. To probe
whether or not the boundary plays a fundamental role, an experiment could be
done in which the ball is tethered by a string whose other end is attached to a
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swivel. If the effect continues to occur when the ball is not near the boundary,
then the boundary is evidently not important.

A possible explanation for the bubble propulsion phenomenon is that the
movement of the ball causes a slight increase in the bubble density in front of the
ball and a slight decrease in back. Because the hydrostatic pressure increases
more rapidly with depth for the decreased bubble density, an irﬁbalanced
pressure may develop that propels the ball in the direction of motion. Note that

this effect is a spontaneous dynamic instability.
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APPENDIX: NON-NEWTONIAN EFFECTS OF BUBBLY LIQUIDS

In research conducted by Pringle (2000), the plot of the specific gravity of
the ball vs. the specific gravity of the fluid showed an abrupt transition in the
slope occurring between 0.93 and 0.94 specific gravity of the ball. Pringle noted
that the abrupt transition might be due to a change from Newtonian to non-
Newtonian behavior of the fluid-air mixture. In an effort to explore this possibility,
background research was conducted and references found that characterized
Newtonian and non-Newtonian fluids. Results of these findings are summarized
in this appendix to provide background information on the subject for possible
further research.

Newtonian fluids, which include air, water, oils, alcohols, and many others,
are characterized by the friction being described with sufficient accuracy by a
linear relation between the shear stresses and the rate of strain. Specifically, a
simple linear relationship is valid in laminar parallel flow and this relationship

defines the shear viscosity:

where 4 is the shear viscosity, 7 is the shear stress, and v is the velocity.

This relationship implies three facts:
1) The shear stress action at the actual time on an arbitrarily chosen fluid

particle depends only on the momentary state of motion of the particle. Its
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motion at other times does not affect the shear stress occurring at the
time.

2) The shear stress at a certain point depends only on the shear rate and
therefore on the velocity gradient at this point.

3) The local shear stress is directly proportional to the shear rate.

Fluids exist that do not have these Newtonian properties and therefore do
not have a linear relationship between shear stress and rate of strain. Molten
plastics, polymer solutions, dyes, suspensions, and blood, for example, behave
in certain circumstances in a way different from what one would expect for a
Newtonian fluid. (Bohme, 1987)

For low values of particle volumetric concentration, suspensions of
spherical particles are approximately Newtonian, and the ratio between the
viscosity of the mixture and the viscosity of the fluid can be expressed as a
function of the mixture’s void fraction « . Most non-Newtonian suspensions have
a limiting viscosity z at high rates of shear, which can be related to the viscosity
of the suspending fluid and the particle concentration.

The bubbly flow pattern is characterized by a suspension of discrete
bubbles in a continuous liquid. Bubbly mixtures in laminar flow are Newtonian at

low values of o and the effective viscosity is given by:

Hu=p(l+a).
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However, this equation is valid only for values of a below about 0.05. At higher

bubble concentrations the mixture rapidly becomes non-Newtonian, exhibiting a
yield stress, and a decreasing apparent viscosity with increasing shear rate. To
the extreme, foams exhibit considerable rigidity at high void fractions, and the
bubbles behave like the atoms in a crystal. In an extensive search of Iiterature
on non-Newtonian behavior of bubbly liquids, we found no mention of any effect
that causes a discontinuity in the derivative of a quantity as the void fraction is
varied.

The speed with which coalescence of the bubbles occurs is particularly
sensitive to impurities, even in minute quantities. Velocity gradients and
turbulence tend to increase the rate at which small bubbles collide, thus
promoting agglomeration, but also have the effect of tearing apart the bigger
bubbles. The transition from bubbly flow to slug flow occurs approximately at 10
percent void fraction for “pure” liquids although bubbly flow has been reported at
60 percent void fraction in tap water. At the other extreme there exist foaming
agents that allow bubbly flow to persist up to virtually 100 percent void fraction.
In our experiment, very little coalescence of the bubbles was observed to occur.
The only exception to this was when a small amount of surfactant (Kodak Photo-
Flo) was added to the water in an effort to reduce the amount of foam collecting
at the surface of the cylinder, which hampered the readinvg of the water level.
The result was that at higher flow rates, the bubbles tended to coalesce into

larger bubbles causing turbulence and a boiling effect in the water. (Wallis, 1969)
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